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We used a genetic screen in Drosophila to identify mutations which disrupt the localization of oskar mRNA during
oogenesis. Based on the hypothesis that some cytoskeletal components which are required during the mitotic divisions will
also be required for oskar mRNA localization during oogenesis, we designed the following genetic screen. We screened for
P-element insertions in genes which slow down the blastoderm mitotic divisions. A secondary genetic screen was to
generate female germ-line clones of these potential cell division cycle genes and to identify those which cause the
mislocalization of oskar mRNA. We identified mutations in ter94 which disrupt the localization of oskar mRNA to the
osterior pole of the oocyte. Ter94 is a member of the CDC48p/VCP subfamily of AAA proteins which are involved in
omotypic fusion of the endoplasmic reticulum during mitosis. Consistent with the function of the yeast ortholog,
er94-mutant egg chambers are defective in the assembly of the endoplasmic reticulum. We tested whether other membrane
iosynthesis genes are required for localizing oskar mRNA during oogenesis. We found that ovaries that are mutant for
yntaxin-1a, rop, and synaptotagmin are also defective in oskar mRNA localization during oogenesis. We suggest a pathway
or the role of membrane assembly proteins on oskar mRNA localization. © 2000 Academic Press
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Constructing an adult multicellular animal begins at the
time of oogenesis. The Drosophila ovary consists of 15–20
ovariole strands, each containing a chain of progressively
developing egg chambers (reviewed by Spradling, 1993; King,
1970). Each ovariole strand begins with the germarium where
germ-line stem cells undergo asymmetric cell division to
regenerate a stem cell and to generate a cystoblast daughter.
The cystoblast undergoes four incomplete cell divisions to
form a cyst of 16 cells that are interconnected by cytoplasmic
bridges. Later, 1 cell of the 16-cell cyst becomes the oocyte and
the other 15 cells develop into the nurse cells. The nurse cells
and the oocyte remain interconnected by cytoplasmic bridges,
and the entire cyst is surrounded by a layer of somatic follicle
cells to form an egg chamber. Each egg chamber develops
gradually into a mature egg at the end of the ovariole strand.
The mRNA for oskar (osk) undergoes a complex journey
during oogenesis (Ephrussi et al., 1991; Kim-Ha et al., 1991).
uring stage 1 of oogenesis, the oocyte is located at the
1 To whom correspondence should be addressed. Fax: (785) 864-
t5321. E-mail: ruden@eagle.cc.ukans.edu.
314osterior, whereas the nurse cells are at the anterior, of the egg
hamber. osk mRNA is synthesized in the nurse cells and
ransported into the oocyte and distributed uniformly in the
ocytoplasm. This initial transport from the nurse cells to the
ocyte has been hypothesized to require a (2)-end-directed
icrotubule motor. This is because, in the stage 1 egg cham-
er, the (2) ends of the microtubules are located in the oocyte
nd the (1) ends extend into the nurse cells (Theurkauf et al.,
992; Clark et al., 1994, 1997). During stages 5–7 of oogenesis,
icrotubules in the egg chamber reverse polarity such that
he (2) ends initiate at the anterior region of the oocyte,
hereas the (1) ends become located at the posterior pole of
he oocyte (Theurkauf et al., 1992). During this repolarization
of the microtubules, osk mRNA is first localized to both the
anterior and the posterior poles of the oocyte and, by stages
8–9, is localized entirely at the posterior pole of the oocyte.
Cell biological studies have indicated that osk mRNA local-
ization requires an intact microtubule cytoskeleton (Pokrywka
and Stephenson, 1991, 1995). In addition, tropomyosin, an
actin-stabilizing protein, has also been shown to affect
the localization of osk mRNA (Erdelyi et al., 1995; Tetzlaff
t al., 1996). However, despite the importance of the micro-
ubule and actin cytoskeleton for osk mRNA localization,
0012-1606/00 $35.00
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315Membrane Fusion Proteins and osk mRNA Localizationit has not yet been determined whether microtubule or
actin motors are involved in this process (Ruden et al.,
1997).
In order to identify new genes required for osk mRNA
ocalization, we screened for osk localization defects in egg
hambers mutant for potential cell division cycle (CDC)
enes that we have isolated in a “mitotic delay-dependent
urvival” (MDDS) genetic screen (Ruden and Ja¨ckle, 1995;
uden et al., 1997; Ruden and Sollars, unpublished). The
ationale for this is that many cytoskeletal proteins re-
uired for mitotic divisions may also be required for mRNA
ocalization. The advantage of studying the function of
DC genes during oogenesis, in which all of the mitotic
ivisions occur in region 1 of the germarium, is that, later in
ogenesis, one can analyze the biological functions of the
DC genes independent of their mitotic functions. For
xample, we have shown that Klp38B, a chromatin-binding
inesin-like-protein isolated in the MDDS genetic screen,
s required not only for chromosome segregation during the
eiotic and mitotic divisions, but also for the proper
evelopment of the oocyte, possibly by localizing mRNA or
rotein in the oocyte (Ruden et al., 1997).
In this paper, we will describe the isolation and character-
zation of mutations in ter94, a member of the CDC48p/VCP
subfamily of AAA proteins which are involved in the homo-
typic fusion of the endoplasmic reticulum (ER). We will show
that Ter94 and several other previously isolated membrane
fusion proteins are involved in different aspects of osk mRNA
localization and/or anchoring during oogenesis.
MATERIALS AND METHODS
Fly Stocks
One P-element allele of ter94, ter9403775, was initially identified
n the MDDS screen (Ruden and Ja¨ckle, 1995) as a maternal
uppressor of knirps (kni). The second P-element allele ter94k15502
and other ethylmethane sulfonate (EMS)-induced alleles of ter94
ere identified as mutations which failed to complement ter9403775.
All EMS-induced ter94 alleles were generously given to us by Eliot
Goldstein (Table 1). These were generated by performing a genetic
screen for EMS mutations that did not complement a deficiency,
Df(2R)X1, which uncovers the cytological region 46C–47A1 (Gold-
stein, personal communication). The stocks containing the
P-element alleles of ter94 (Table 1) and the FRT and ovoD stocks
used in the FLP-DFS technique (Chou and Perrimon, 1996) are
available from the Bloomington, Indiana, Drosophila Stock Center.
ter94 is located at chromosome region 46D1–2 (Leon and Mc-
Kearin, 1999). The synaptotagmin (sytT77), syntaxin-1a (syxD229), and
opG27 stocks were from Hugo Bellen (Broadie et al., 1995; Littleton
et al., 1993; Schultze et al., 1994). The pNos-GAL4-VP16 stock was
from R. Lehmann (Van Doren et al., 1998) and the UAS-ter94 stock
was from D. McKearin (Leon and McKearin, 1999).
Molecular Analysis of ter94
Genomic DNA flanking the P-element insertions of ter94 was
isolated using the Uni-PCR technique. Briefly, two consecutive
amplifications were used to amplify the genomic DNA. The first
Copyright © 2000 by Academic Press. All rightround PCR involved a “right primer,” which is complementary to
sequences adjacent to the inverted repeats at the “right” end of the
P-element, and a “uniprimer” which consists of the M13 forward
primer sequence followed by 8 randomly incorporated nucleotides
(8N) followed by 6 specific nucleotides. For example, a uni-HindIII
primer has the sequence 59 [M13 Forward18N1AAGCTT] 39. The
second round PCR used the M13 forward primer (Promega) and a
nested primer identical in sequence to the P-element 31-bp in-
verted repeat (P31). For the first round amplification, 1 mg of fly
enomic DNA was added to 25 pmol of the uniprimer and 2.5 pmol
f the right primer in the standard cocktail (Promega). The cycling
eaction was 2 min at 50°C, 2 min at 72°C, and 30 s at 94°C for 30
ycles on a Model 2400 thermocycler (Perkin–Elmer). For the
econd round amplification, 1 ml of unpurified reaction product
from the first round PCR was added to 2.5 pmol of each of the P31
and M13 forward primers in the standard cocktail. The cycling
reaction was 2 min at 65°C, 2 min at 72°C, and 30 s at 94°C for 30
cycles. Finally, the amplified DNA was ligated into pGEM-T vector
(Promega) and the insert DNA was sequenced at the University of
Kansas Microchemistry Facility.
In Situ Hybridization of Egg Chambers and
Histology
The mouse anti-Hts(F) monoclonal antibody (Zaccai and Lip-
shitz, 1996) and the rabbit anti-Ter94 polyclonal antibody (Leon
and McKearin, 1999) were gifts from D. McKearin. Antibody
staining and light, epifluorescence, and confocal microscopy were
performed as previously described (Goldstein and Fyrberg, 1994). In
itu hybridization of whole-mount ovaries was carried out accord-
ing to Tautz and Pfeifle (1989). DNA probes used were osk cDNA
Ephrussi et al., 1991; Kim-Ha et al., 1991) and ter94 cDNA (clone
LD03131 from the Berkeley Drosophila Genome Project). The egg
chambers were stained with DiO-C6 (Molecular Probes) as de-
scribed previously to visualize ER and Golgi membranes (Terasaki
and Reese, 1992).
RESULTS
A Genetic Screen for Mutations That Affect
oskar mRNA Localization
The rationale for determining whether CDC genes are
required for osk mRNA localization is that many of the
processes that occur during oogenesis, such as microtubule
polarization (Theurkauf et al., 1992; Pokrywka and Ste-
phenson, 1991, 1995), membrane formation (Schulze et al.,
1994; Terasaki and Jaffe, 1991), and nucleic acid (mRNA)
and protein localization by microtubule-directed molecular
motors (Kim-Ha et al., 1991; Ephrussi et al., 1991; Wilhelm
and Vale, 1993; Ruden et al., 1997), also occur during
mitotic divisions (reviewed in Warren, 1993). Because ova-
ries are not required for survival, mutations in genes re-
quired for both the oogenesis and the cell division cycles
can be effectively studied during oogenesis even though
these mutations are lethal to the organism in most other
tissues. The putative CDC mutations analyzed in this
report were initially identified from P-element lethal mu-
tations in a MDDS genetic screen (Ruden and Ja¨ckle, 1995).
The basis of the MDDS screen is that the reduction of the
s of reproduction in any form reserved.
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316 Ruden et al.maternal product of certain CDC genes by 50% slows down
the blastoderm mitotic divisions. This “mitotic delay”
allows the expression of the long knirps-related gene whose
transcription is normally aborted during the short blasto-
derm mitotic divisions. The precocious production of
Knirps-related protein allows knirps-mutant embryos to
survive because Knirps-related protein can functionally
replace Knirps protein (Ruden and Ja¨ckle, 1995). Approxi-
mately 500 P-element lethals were tested in the MDDS
screen, and 15 of these were shown to have strong Knirps-
suppression activities (Sollars and Ruden, unpublished).
These 15 mutations were further screened for those that
affect oogenesis by analyzing the phenotypes associated
with female germ-line clones of these mutations. We deter-
mined that germ-line clones of P-element lethals with
insertions in ter94 and bluestreak (bls) were the only two
that disrupted the localization of osk mRNA during oogen-
esis (see below). As discussed below, we have subsequently
identified a total of two P-element-lethal alleles and six
EMS-lethal alleles of ter94 (Table 1). Cloning and charac-
terizing bls is the subject of a future paper and will not be
discussed further here.
Phenotypic Characterization of ter94 Mutations
We analyzed the phenotypes of two P-element alleles and
six EMS alleles of ter94 (Table 1) by recombining them onto
he FRT42B chromosome, which contains a yeast FLP recom-
binase target (FRT). Female germ-line clones mutant for
these ter94 alleles were then generated using the FLP-FRT
technique (Chou and Perrimon, 1996). Females with germ-
line clones of weak loss-of-function alleles of ter94 lay eggs,
but not all of the eggs hatch (Table 1). The embryos in the
eggs that don’t hatch (dead embryos) have variable pheno-
types, ranging from wild-type to severe head involution
TABLE 1
Allelic Series of ter94 Loss-of-Function Alleles
ter94 allele Mutagen
ter94k15502 P-element (w1) Stro
ter9426–8 b EMS Stro
ter9403775 P-element (ry1) Stro
ter9422–30 b EMS Me
ter9414–23 EMS We
ter9422–26 b EMS We
ter947–12 EMS We
ter9443–8 EMS We
Note. The strongest loss-of-function allele is at the top and the
a The egg-hatching frequencies were determined for embryos d
rossed to wild-type males. Approximately 1000 germ-line clone e
b These alleles contain a mutation in the third exon of ter94 as det
analysis of 26-8 indicates that this allele has a missense mutation
IDAAV) in the first ATPase motif.defects to holes in the cuticle and missing denticle bands (
Copyright © 2000 by Academic Press. All right(Fig. 1). These phenotypes are typical of the embryonic
phenotypes of CDC mutations such as string, which en-
odes the Drosophila ortholog of Schizosaccharomyces
ombe CDC25 (Edgar and O’Farrell, 1990).
As described recently by another laboratory, female germ-
ine clones of a strong loss-of-function allele of ter94,
er94k15502, do not produce germaria or egg chambers (Leon
nd McKearin, 1999; Table 1). However, we found that
emale germ-line clones of another slightly less strong
oss-of-function allele, ter9403775, formed germaria which
ive rise to stage six or seven egg chambers before degen-
ration occurs. Because ovoD was originally used to gener-
ate the germ-line clones, and ovoD (2R) egg chambers also
arrest early during oogenesis, we could not easily distin-
guish the ovoD-mutant egg chambers from those derived
rom the ter9403775 germ-line clones. To overcome this
problem, we generated germ-line clones without using ovoD
by crossing ter9403775 FRT42B males to hsFLP22; FRT42B fe-
males. The progeny from this cross were heat shocked at
the larval stages to induce mitotic clones in the female
germ line. We then analyzed early egg chambers in the
ovariole strand which contained degenerating late egg
chambers. We confirmed that this ovariole strand was
derived from a ter94 germ-line clone because the germa-
rium and early egg chambers of this ovariole strand were
stained poorly with anti-Ter94 antibodies (Fig. 3E). Also,
ovoD-mutant egg chambers show normal localization of osk
RNA (data not shown), whereas ter94-mutant egg cham-
ers are defective in localizing osk mRNA to the posterior
pole of the oocyte (Figs. 2C and 2D).
In both wild-type and ter9403775-mutant egg chambers, osk
RNA is transported to the oocyte during stage 1 of
ogenesis (not shown; Kim-Ha et al., 1991; Ephrussi et al.,
991). Later in wild-type stage 5–6 egg chambers, osk
RNA localizes to both the anterior and the posterior poles
henotype Egg-hatching frequencya
t loss of function No germline clones
oss of function Arrests early in oogenesis
oss of function Arrests early in oogenesis
loss of function Arrests late in oogenesis
ss of function 25.0 6 3.0 (SD)
ss of function 60.4 6 2.9 (SD)
ss of function 76.7 6 11.8 (SD)
ss of function 84.7 6 13.6 (SD)
est loss-of-function allele is at the bottom.
d from females with homozygous ter94-mutant germ-line clones
os were counted for each allele analyzed.
ned by single-strand DNA polymorphism analyses. DNA sequence
converts amino acid 450 from glutamic acid to alanine (IDAEV toP
nges
ng l
ng l
dium
ak lo
ak lo
ak lo
ak lo
weak
erive
mbry
ermi
thatFig. 2A). In contrast, in ter9403775-mutant egg chambers, osk
s of reproduction in any form reserved.
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317Membrane Fusion Proteins and osk mRNA LocalizationmRNA mislocalizes either to the center of the oocyte (Fig.
2C) or to multiple particulate loci in the oocyte (Fig. 2D). In
wild-type stage 10A egg chambers, osk mRNA localizes to
he posterior pole (Fig. 2B). We could not examine stage 10A
er9403775-mutant egg chambers because they degenerated
efore stage 10A. However, we have analyzed osk mRNA
ocalization in stage 10A egg chambers of weak ter94
lleles. Consistent with the osk mRNA localization defects
bserved in ter9403775-mutant egg chambers, stage 10A egg
hambers mutant for several weak loss-of-function ter94
lleles (Table 1) often have osk mRNA mislocalized to the
center of the oocyte (not shown).
To determine whether the mislocalization of osk mRNA
is caused by a disruption of the microtubule cytoskeleton in
the mutant oocyte, the localization of a kinesin heavy chain
b-galactosidase fusion protein (KHC1LacZ) was examined.
In wild-type egg chambers, KHC1LacZ localizes to the
posterior pole of the oocyte (Fig. 2E). However, in egg
chambers mutant for weak loss-of-function alleles of ter94
(e.g., ter947-12 and those in Table 1), KHC1LacZ often
(;60% for the allele shown) mislocalizes to the center of
the oocyte (Fig. 2F). Because osk mRNA and KHC1LacZ
both mislocalize in ter94-mutant egg chambers, we con-
clude that Ter94 is required for the formation or anchoring
of a properly polarized microtubule cytoskeleton in the
developing oocytes.
Molecular Characterization of ter94 and
cDNA Rescue
We identified a mini-w1 P-element lethal allele of ter94,
ter94k15502, and a ry1 P-element allele of ter94, ter9403775
(Table 1). ry2 revertants were recovered from ter9403775
FIG. 1. Larvae that are mutant for ter94 have cuticles with defe
arrying weak loss-of-function ter947-12 germ-line clones mated to w
utations.following P-element mobilization by D(2-3) transposase.
Copyright © 2000 by Academic Press. All rightCR analysis showed that most revertants (18 of 20) are
recise excisions which restored the embryonic lethality
ack to wild type (data not shown). We isolated genomic
NA flanking both P-element insertions and found that
er9415502 and ter9403775 each have a P-element inserted at an
identical sequence at the 59 untranslated region of a gene
which is abundantly represented in the Berkeley Drosoph-
ila Genome Project expressed sequence tag (EST) collection.
By sequencing one of these cDNAs, LD03131, we deter-
mined the complete ;3.2-kb sequence of the cDNA for
ter94 (GenBank Accession No. AF202034). While this work
was in progress, the sequence and expression patterns of
ter94 mRNA were published (Pinter et al., 1998). An
examination of the tissue-specific cDNA libraries that were
used to determine the ESTs indicates that ter94 mRNA is
broadly expressed (Table 2). Conceptual translation of
Ter94 protein indicates that it is a 799 amino acid protein
(MW 94,000) of the AAA-protein family (Patel and Latter-
ich, 1998). Ter94 is 84% identical to rat TERA (Edgerton et
al., 1992) and 67% identical to yeast CDC48p (Frohlich et
al., 1991). Genetic (Patel et al., 1998) and biochemical
(Latterich et al., 1995) studies have shown that CDC48p/
TERA is required for homotypic fusion of the ER and for
karyokinesis during the yeast mitotic cycle. Because the
sequence of Ter94 has already been published, this paper
will concentrate on the genetic and phenotypic analyses of
ter94 mutations. We have also determined, by SSCP and
DNA sequence analyses (not shown), that three of the
EMS-induced alleles of ter94 are located in the third exon of
ter94 (Table 1, asterisks).
Loss-of-function ter94 causes zygotic embryonic lethality
(Table 3). When UAS-ter94, a cDNA transgene (a gift from
D. McKearin), was provided maternally without a GAL4
ypical of CDC mutations. (A–E) Cuticles of larvae from mothers
ype males. These variable cuticular phenotypes are typical of CDCcts t
ild-tdriver, there was no significant increase in the survival of
s of reproduction in any form reserved.
G
a
H
V
t
v
t
o
E
T
m
d
m
o
n
a
K
318 Ruden et al.the ter94 zygotic mutant embryos. When UAS-ter94 and
AL4 were provided zygotically from the father, there was
lso no increase in the survival of ter94-mutant embryos.
owever, when UAS-ter94 and GAL4 (via pNos-Gal4-
P16; Van Doren et al., 1998) were provided maternally,
here was an approximately threefold increase in the sur-
ival of the ter94-mutant embryos (Table 3). We conclude
hat maternally provided wild-type ter94 results in a partial
rescue of the zygotic embryonic lethality associated with
loss-of-function ter94 mutation. Thus the recessive embry-
nic lethality associated with both the P-element and
FIG. 2. Mutations in ter94 have defects in oocyte development
wild-type stage 6 and (B) stage 10A egg chambers (anterior, left; po
loss-of-function ter9403775-mutant egg chambers. In these egg cham
ggregates (D). (E) Wild-type stage 10 egg chamber containing KH
localizes to the posterior pole (arrow). (F) Weak loss-of-function ter9
HC1LacZ mislocalizes to the center of the oocyte (arrow).MS-induced ter94 alleles is caused by the disruption of t
Copyright © 2000 by Academic Press. All righter94 production. We did not attempt to rescue the osk
RNA localization defect described above because it is
ifficult to induce gene expression in the Drosophila ger-
aria where Ter94 function is initially required during
ogenesis.
Expression of ter94 mRNA and Protein
in Egg Chambers
Because ter94 was identified in a dosage-sensitive mater-
al screen for CDC-candidate mutations, and because ma-
osk mRNA localization. (A) osk mRNA localization (arrows) in
or, right; dorsal, top). (C and D) osk mRNA localization in strong
, osk mRNA is localized either in the center (C) or in particulate
acZ stained for b-galactosidase activity. Notice that KHC1LacZ
utant stage 10A egg chamber containing KHC1LacZ. Notice thatand
steri
bers
C1L
47-12-mernally provided ter94 partially rescues the zygotic lethal-
s of reproduction in any form reserved.
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319Membrane Fusion Proteins and osk mRNA Localizationity of ter94 (Table 3), ter94 mRNA is probably expressed
during oogenesis. This was confirmed by in situ hybridiza-
tion studies of Drosophila egg chambers with a ter94 cDNA
robe. There are low levels of ter94 mRNA in the early egg
hambers (not shown). Starting from stages 9–10, ter94
RNA is strongly expressed in the nurse cells (Fig. 3A). We
lso see strong expression of ter94 mRNA in the differen-
iating ommatidia in eye imaginal disks (Fig. 3B). This
esult is consistent with the observation that the photore-
eptor rhabdomeres are heavily loaded with membranous
tructures (Tomlinson and Ready, 1987). Interestingly,
er94 protein is present predominantly in region 2B of the
ermaria and in stage 1 egg chambers (Figs. 3C and 3D).
his was determined by staining wild-type egg chambers
ith rabbit anti-Ter94 antibodies generously provided by D.
cKearin (Leon and McKearin, 1999). In ter9403775-mutant
germ-line clones, the amount of Ter94 protein present was
greatly reduced (Fig. 3E). We conclude that the phenotypes
associated with ter9403775 described above are caused by a
ramatic decrease in Ter94 protein levels in the egg cham-
ers. Further reduction in Ter94 levels, such as in
er94k15502-mutant egg germaria, evidently prevented the
development of the germaria or the germ-line stem cells.
TABLE 2
ter94 mRNA Is Broadly Expressed
cDNA Library Total number of cDNA
Embryo (LD) 23,834
Ovary (GM) 6,139
Adult head (HL) 2,951
Adult head (GH) 10,859
Larvae pupae (LP) 4,363
Secreted and transmembrane (CK) 2,518
otal 50,664
Note. The 59 ends of 50,664 Drosophila cDNAs from six tissue
Genome Project. The CK library consisted of cDNAs made from m
The presence of ter94 cDNA in all of these libraries indicates that
TABLE 3
Expression of ter94 mRNA in the Female Germ Line Rescues Emb
Genotype of females G
ter94k15502/1 ter9403775/1
UAS-ter94]ter94k15502/1 ter9403775/1
er9403775/1 [UAS-ter94]ter9
UAS-ter94]ter94k15502/1; pNos-GAL4-VP16/1 ter9403775/1
a x 2 5 ¥(O 2 E) 2/E. O (observed number of dead embryos) and E
mbryos for a completely penetrant embryonic lethal mutation. Eg
eriod (degrees of freedom 5 2). The total number of embryos coub P (probability) was calculated as described in Samuels (1989).
Copyright © 2000 by Academic Press. All rightThe ER Membranes Develop Poorly
in ter94-Mutant Egg Chambers
Because Ter94 is highly homologous to CDC48p/TERA
that is required for the homotypic fusion of the ER, we
characterized ER in ter9403775-mutant egg chambers. The egg
chambers were stained with DiO-C6 (Molecular Probes), a
fluorescent dye that specifically stains the ER and the Golgi
membranes (Terasaki and Jaffe, 1991; Terasaki and Reese,
1992). A stripe of strong staining is associated with the
somatic follicle cells located at the border between regions
2A and 2B in the germaria (Figs. 4A and 4B, arrow). In
wild-type germaria, a relatively high level of staining is also
found in the germ-line cells (Fig. 4A). In contrast, in
ter9403775-mutant germaria, while the stripe of somatic
ollicle cell staining remains as expected (Fig. 4B, arrow),
he staining in the germ-line cells is greatly reduced (Fig.
B). The staining intensity of the somatic follicle cell stripe
as normalized in Figs. 4A and 4B and serves as an internal
ontrol for DiO-C6 staining. In wild-type stage 5–7 egg
chambers, there is a high level of staining in the nurse cells
and a lower level of staining in the somatic follicle cells
which surround the egg chambers (Fig. 4C). In contrast, in
Number of ter94 cDNAs % cDNAs that are ter94
8 0.034
6 0.098
5 0.169
3 0.027
9 0.206
4 0.159
35 0.069
cific libraries were sequenced as part of the Berkeley Drosophila
A associated with rough ER membranes (Kopczynski et al., 1998).
4 is broadly expressed.
ic Lethality of ter94 Mutations
pe of males
Ratio of dead/
total embryos x2 a Pb
22 6 2% 0.3 0.9
21 6 2% 0.8 0.9
02/1; pNos-GAL4-VP16/1 21 6 2% 1.1 0.9
7 6 3% 18.7 ,0.01
pected number of dead embryos). E equals 25% of total number of
ching frequency determination was done in triplicate over a 3-day
for each genotype was 1500.s
-spe
RNryon
enoty
4k155
(ex
g-hat
nteds of reproduction in any form reserved.
c320 Ruden et al.FIG. 3. Expression of ter94 mRNA and Ter94 protein in wild-type and ter94-mutant egg chambers. (A) ter94 mRNA is highly expressed
in the nurse cells of wild-type stage 10 egg chambers. (B) ter94 mRNA accumulates posterior to the morphogenetic furrow in the eye
imaginal disc. (C) Ter94 protein accumulates predominantly in region 2B of the germarium and in stage 1 egg chambers. (D) A blowup of
the germarium and stage 1 egg chamber from C. (E) Ter94 protein is almost undetectable in a ter9403775-mutant germarium and stage 1 egg
hamber.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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321Membrane Fusion Proteins and osk mRNA Localizationter9403775-mutant stage 5–7 egg chambers, the staining is
reatly reduced and appears as particulate aggregates (Fig.
D). The somatic follicle cell staining was normalized in
igs. 4C and 4D and serves as an internal control for DiO-C6
staining.
Ter94 was recently identified in a yeast two-hybrid
screen for proteins which interact with Bam, a protein
required for the formation of the membranous structures in
the fusome (Leon and McKearin, 1999). The fusome
stretches between all 16 cells in the cyst and is required for
the four cystoblast mitotic divisions and for the specifica-
tion of the oocyte (McKearin and Spradling, 1990). The
fusome usually breaks down in stage 1 egg chambers. To
determine whether fusome formation or breakdown occurs
normally in ter94-mutant egg chambers, we stained wild-
type and ter9403775-mutant egg chambers with mouse anti-
ts(F) monoclonal antibody, which labels the fusome (Zac-
ai and Lipshitz, 1996). In wild-type egg chambers, as was
FIG. 4. The ER is abnormal in ter94-mutant egg chambers. Egg
embranes. (A) Wild-type germaria. Note the bright band of stainin
erm-line cells in the germarium are also strongly stained. (B) ter9
somatic cells are staining as in A (arrow) because the genotype of th
mutant germ-line cells is greatly reduced. (C) Wild-type stage 5 and
(D) ter9403775-mutant stage 5 and 7 egg chambers. Note that the stain
normalized in C and D so that the intensity of the somatic folliclescribed previously (Zaccai and Lipshitz, 1996), the fu-
Copyright © 2000 by Academic Press. All rightome is spherical in stem cells and cystoblasts (Fig. 5A,
eft). The fusome grows as the cystoblast divides and
ecomes a branched structure that extends throughout all
6 cells of the cyst in region 2A of the germarium (Figs. 5A,
iddle, and 5C). In region 2B of the germarium, the fusome
egins to break down, and by stage 1, the fusome is almost
ompletely gone (Fig. 5A, right). In strong loss-of-function
er9403775-mutant egg chambers, the fusome appears wild
ype (Figs. 5B and 5D). We conclude that ter94 affects
R/Golgi structures in the germarium and in the oocyte,
ut that ter94 is required for neither fusome assembly nor
usome breakdown.
Phenotypic Characterization of syt, rop,
and syt Mutations
Because ter94-mutant egg chambers have a defect in osk
mRNA localization, we determined whether other previ-
bers are stained with DiO-C6, which reveals the ER and Golgi
omatic cells at the boarder between regions 2A and 2B (arrow). The
5 germ-line clone germarium stained with DiO-C6. Note that the
ells is ter9403775/1. However, staining in the ter9403775-homozygous
g chambers. Note that the nurse cell cytoplasm is brightly stained.
s greatly reduced and particulate in nature. The brightness has been
staining is approximately equivalent (see text).cham
g of s
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pole in rop- and syt-mutant egg chambers.
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Copyright © 2000 by Academic Press. All rightthis process. We analyzed the osk mRNA localization in
germ-line clone egg chambers that are mutant for several
membrane fusion genes: syntaxin-1a (syxD229, a deletion
allele) and strong loss-of-function alleles of rop (ropG27) and
ynaptotagmin (sytT77).
In syxD229-mutant egg chambers, osk mRNA is not local-
ized in the oocyte, but rather is uniformly present through-
out the germarium, suggesting an early function in osk
mRNA transport/localization (Fig. 6A, black arrow). Rop
and Syt apparently do not function early in oogenesis, but
rather appear to have only late functions. In both ropG27-
mutant (Fig. 6B) and sytT77-mutant (Fig. 6E) egg chambers,
sk mRNA localization occurs normally until stages 6 or 7,
fter which the localization becomes disperse compared
ith wild-type egg chambers. Staining of ropG27-mutant
(Fig. 6C) and sytT77-mutant (not shown) egg chambers with
oechst DNA dye reveals that cells of these mutant egg
hambers are basically normal. However, most of the ma-
ure ropG27- (Fig. 6D) and sytT77-mutant (Fig. 6F) ovaries have
apparent defects in cytoplasmic membrane assembly (red
arrows). We do not believe that the apparent oocyte cyto-
plasmic membrane defects in rop- and syt-mutant embryos
are an artifact of degenerating egg chambers because min-
iature eggs with greatly reduced surface volumes are often
laid by females with germ-line clones of these mutations
(not shown). We speculate that these miniature eggs form
because they have a reduced amount of membrane compo-
nents. We hypothesize that Rop and Syt are required for the
maintenance of osk mRNA at the posterior pole of the egg
chamber (see Discussion).
DISCUSSION
In this paper, we describe a genetic and molecular char-
acterization of ter94 and genetic characterizations of three
other membrane fusion mutations, syx (Broadie et al.,
1995), rop (Schulze et al., 1994), and syt (Littletone et al.,
993), during oogenesis. Our study presents the first evi-
ence that membrane fusion proteins have varied roles in
he localization and anchoring of osk mRNA during oogen-FIG. 5. Fusome assembly and breakdown appear normal in ter94-
utant germ-line clones. Fusome structures are visualized with
nti-Hts(F) antibody. (A) Wild-type germarium and stage 1 egg cham-
er. Note that the fusomes are spherical in region 1, branched in
egion 2A, and break down in region 2B of the wild-type germaria. The
usome is mostly gone in the stage 1 egg chamber. (B) ter9403775-
utant germarium and stage 1 egg chamber. (C) A blowup of a fusome
rom region 2A of a wild-type germarium and (D) a blowup of a fusome
rom region 2A of a ter9403775-mutant germaria. Note that the fusomessis (Fig. 7).FIG. 6. Syntaxin and Rop are required for oocyte development. osk mRNA localization is visualized with in situ hybridization. (A) osk
RNA appears to be uniformly distributed (black arrow) in the germarium and stage 1 egg chamber mutant for syxD299, a null allele. Note
that the oocyte accumulates vacuoles at later stages and is probably degenerating (red arrow). (B) osk mRNA appears to be poorly anchored
in the oocyte mutant for a strong loss-of-function ropG27 allele (black arrows). Note that osk mRNA localization is no longer apparent in
the stage 7 mutant egg chamber (red arrow). (C) Hoechst staining of the DNA indicates that cells in a stage 7 rop-mutant egg chamber are
normal and the oocyte has a normal (diploid) amount of DNA (red arrow). (D) A mature oocyte in a rop-mutant egg chamber. Note that the
oocyte membrane is not intact (red arrows). (E) osk mRNA appears to be poorly anchored in egg chambers mutant for a strong
loss-of-function sytT77 allele (black arrows). (F) An almost mature oocyte in a syt-mutant egg chamber. Notice that the oocyte membrane
is not intact (red arrows).
FIG. 7. Model for the requirement for membrane assembly proteins on osk mRNA localization during oogenesis. The transport/
localization of osk mRNA to the oocyte during stage 1 requires Syx1a because this does not occur in syx1a-mutant egg chambers. The
localization of osk mRNA to the posterior pole of the oocyte during stages 6–9 requires Ter94 because this does not occur properly in
ter94-mutant egg chambers. The anchoring of osk mRNA at the posterior pole requires Rop and Syt because osk mRNA diffuses from thes of reproduction in any form reserved.
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mRNA Localization during Oogenesis
Based on the phenotypes of syx-1a-, ter94-, rop-, and
syt-mutant egg chambers, we propose a genetic pathway for
the role of membrane fusion proteins on osk mRNA local-
ization during oogenesis (Fig. 7). First, Syx-1a is required in
stage 1 egg chambers to get osk mRNA to the oocyte (Fig.
A). Syx was originally identified as a Drosophila homolog
f a human tSNARE that is required for synaptic vesicle
usion in neurons (Broadie et al., 1995). Interestingly, Syx5
n humans has recently been shown to be required for
ERA-mediated (the human Ter94 ortholog) assembly of
olgi cisternae from mitotic Golgi fragments in vitro
Rabouille et al., 1998). Second, Ter94 is required to localize
sk mRNA within the oocyte (Figs. 2C and 2D). We
peculate that osk mRNA might be transported in membra-
ous particles because both the ER (Fig. 4D) and osk mRNA
Fig. 2D) form particulate complexes in ter94-mutant egg
hambers.
The final step in osk mRNA localization is anchoring the
RNA to the posterior pole of the oocyte. We propose that
op and Syt are required for this process because rop- (Fig.
D) and syt-mutant (Fig. 6F) egg chambers have poorly
ormed cytoplasmic membranous structure in the oocytes,
nd, possibly as a result, osk mRNA fails to remain local-
zed at the posterior pole (Fig. 6E). Rop is a Drosophila
omolog of yeast Sec1 and vertebrate n-Sec1/Munc-18
roteins and is a negative regulator of neurotransmitter
elease in vivo (Schulze et al., 1994). Syt controls and
odulates synaptic vesicle fusion in a Ca21-dependent
manner (Littleton et al., 1993). We conclude, as has been
shown previously for weak loss-of-function syx mutations
during the mitotic divisions (Schulze et al., 1994), that
many synaptic vesicle fusion proteins also function during
other cellular processes such as osk mRNA localization
during oogenesis.
Recently, two laboratories have demonstrated that muta-
tions in cytoplasmic tropomyosin have a defect in osk
mRNA localization (Erdelyi et al., 1995; Tetzlaff et al.,
1996). This result was widely interpreted as suggesting that
the actin microskeleton might be involved in osk mRNA
localization and that there might be unidentified cytoplas-
mic myosin protein(s) which are involved in this process.
However, because of the close proximity of the actin
cytoskeleton with the cytoplasmic membrane, an alterna-
tive explanation based on our findings is that cytoplasmic
tropomyosin might be required to maintain the integrity of
the poorly characterized membranous structures in the egg
chambers. The membranous structures in the egg chamber
could be required, for instance, to provide a base for the
microtubule organizing centers which allow the genera-
tion of a polarized microtubule cytoskeleton. The motor
proteins that transport osk mRNA, according to this
model, would be microtubule based, as previously proposed
(Pokrywka and Stephenson, 1991, 1995; Wilhelm and Vale,
1993; Ruden et al., 1997). The model is consistent with a
Copyright © 2000 by Academic Press. All rightrole for Ter94 in the assembly of ER/Golgi structures in the
egg chamber, as shown by this study and studies in yeast
(Patel et al., 1998; Latterich et al., 1995).
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